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Summary 
Direct photoaffinity labeling technics were used in order to get more information on the possible func-
tion of envelope membrane Polypeptides. Using [o>32P] A T P the major labeled proteins had a molecular 
weight of 75 and 56 kDa. Of the labeled Polypeptides, a 58 kDa and a 26 kDa protein were found in the 
inner membrane while labeled proteins of 75, 64, 56, 52 and 42 kDa were confined to the outer mem-
brane. U T P specifically labeled proteins at 23, 31 and 50 kDa while CTP gave rise to a photoaffinity 
marked protein with an apparent molecular weight of 90 kDa in the inner membrane. The only cross-
reacted Polypeptide by CTP in the outer envelope had a size of 48 kDa on SDS-PAGE. The major pre-
cursor in galactolipid synthesis, UDP-galactose, was also used as a photoaffinity probe. This substance 
specifically labeled proteins at 31, 33, 35, 38 and 50 kDa. 
Key words: C h l o r o p l a s t envelope, nucleoside triphospbates, photoaffinity label, P i s u m sativum L . t UDP-ga-
lactose. 
Introduction 
The plastid envelope is a two membrane barrier surround-
ing the organelle. While the internal membrane System in 
plastids undergoes dramatical changes during the develop-
ment of the organeile, the envelope is seen as a conservative 
structure throughout plastid development. Very little is 
known regarding the molecular changes in the envelope dur-
ing development. The envelope membranes have important 
functions during plastid biogenesis as well as mediating meta-
bolite flow between the organelle and the surrounding cell. 
The envelope is the sole site of many biosynthetic pathways 
essential for chloroplast biogenesis; e.g. galactolipids, which 
make up more than 80 % of the chloroplast lipids are made 
in this membrane. Further biosynthetic capacities in lipid 
metabolism include the synthesis of prenylquinones phos-
phatidylglycerol, sulfolipids and long-chain acyl-CoA. Other 
known properties of the envelope include such Polypeptides 
as a proteinkinase, ATP'ase, ATP-translocator and specific 
metabolite translocators (Douce et al., 1984). 
Although a large number of biochemical functions have 
been shown to reside in the envelope membranes, very few 
proteins have been identified, isolated and characterized. The 
quantity of purified envelope membranes available as start-
ing material is very small and the purification of active en-
zymes from envelopes is hampered by the high lipid content 
of the membranes; the outer envelope contains about 75% 
lipids on a dry weight basis. Direct photoaffinity labeling 
technics are a powerful and sensitive tool to assign biochem-
ical functions to Polypeptides. We used [cv-32P] A T P , CTP 
and U T P as well as [U-14C] labeled U D P galactose as direct 
photoaffinity probes. The results show specific protein la-
beling for each of the substances used and this should enable 
us to approach the purification of envelope membrane Poly-
peptides with greater ease. 
Material and Methods 
[a-32P] NTP's (400Ci/mmol) were from Amersham Buchler, 
Braunschweig. [U- 1 4C] UDP-galactose (250 mCi/mmol) was from 
New England Nuclear. A l l other chemicals were commercially 
available, of reagent grade and used without further purification. 
I s o l a t i o n o f C h l o r o p l a s t s and C h l o r o p l a s t Envelopes 
Intact, purified chloroplasts were isolated from two week old pea 
plants (Pisum s a t i v u m L., var. Golf) in low ionic strength buffer 
© 1988 by Gustav Fischer Verlag, Stuttgart 
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(Nakatani and Barber 1977) and further purified on silica sol gra-
dients (Mourioux and Douce 1981). Mixed envelope membranes 
were isolated on sucrose gradients after hypotonic lysis of chloro-
plasts (Douce et al., 1984; Cline et al., 1981). Separation of inner and 
outer envelope membranes was achieved by hypertonic treatment 
of chloroplasts and rupturing of shrunken chloroplasts by a Dounce 
homogenizer. Membranes were separated on a sucrose gradient 
(Keegstra and Youssif 1986). 
U V P h o t o a f f i n i t y L a b e l i n g E x p e r i m e n t s 
Photoaffinity labeling of chloroplast envelope membranes was 
performed essentially according to (Yue and Schimmel, 1977). La-
beling was performed in 24 /d aliquots, containing 250 nM a-nucleo-
side triphosphates, 25 fig envelope protein, 10 m M Tricine-KOH 
(pH 7.9), 4 m M MgCU, at 4 ° C for 15 min. The mixture was placed 
in an Eppendorf tube and irradiated at a distance of about 3.5 cm 
with a Camag TL-900 U V lamp at 254 nm. U V treated membranes 
were centrifuged for 5 min at 15,000 g and washed twice with 
10 mM Tricine-KOH (pH 7.9), 4 m M M g C l 2 and 0.5 m M of the re-
spective unlabeled NTP's. Samples were further analyzed by SDS-
polyacrylamide gel electrophoresis with a 7.5-15% linear Poly-
acrylamide gradient gel (Laemmli, 1970). Following electrophoresis, 
gels were stained with Coomassie Brilliant blue, destained, dried and 
autoradiographed over night at - 80 ° C using an intensifying screen 
(Agfa-Gevaert M R 800). 
Results and Discussion 
Initial photoaffinity labeling experiments using 8-azido-
adenosine [7- 3 2P]ATP and chloroplast envelope membranes 
showed a specific labeling pattern. Though experiments 
were done at 4 ° C , labeling of a number of proteins was due 
to 32P-transfer from the y-position of 8-azido-adenosine [y-
3 2P]ATP by the outer envelope bound protein kinase (Soll 
and Buchanan, 1983) , as detected when assays were done in 
complete darkness. Control experiments revealed that the 
envelope protein kinase had still about 5 0 % of its activity at 
4 ° C and about 15 % at - 1 0 ° C (assay in the presence of 4 0 % 
glycerol, Soll, 1985) . Furthermore it was not possible to 
eliminate labeling in the excess of nonradioactive A T P , thus 
showing that 8-azidoadenosine-ATP cross-reacted unspecific-
ally in this complex assay system. 
Considering these results, it was decided to use [o>32P] 
ATP as the direct affinity reagent. Nucleoside triphosphates, 
and not only the azido Compounds are susceptible to UV-
radiation (Yue and Schimmel, 1977) and can be used directly 
as affinity label (Fig. 1). Time course studies revealed that 
photolysis of the nucleoside triphosphates was slower than 
for the corresponding azido Compounds. Samples were irra-
diated for 1 5 min instead of 5 min for the corresponding 
azido Compounds to yield maximal cross-linking (not 
shown). The outer envelope membrane bound protein 
kinase activity was not altered by prolonged UV-radiation at 
2 5 4 nm (60 min). When [a-32P] A T P photoaffinity labeled 
membranes were analyzed by SDS-PAGE and autoradio-
graphy, envelope proteins with an apparent molecular 
weight of 7 5 kDa and 5 6 kDa were labeled to a significant ex-
tent (Fig. 1, 2 , 3) . The appearance of labeled Polypeptides is 
completely dependent on radiation at 2 5 4 nm; no labeling 
occurs in dark controls (Fig. 1). These results also demon-
A B C D E F 
Fig. 1: Photoaffinity labeling of pea chloroplast envelope mem-
branes by [a- 3 2]ATP. Membranes were analyzed by SDS-PAGE on 
7.5-15% Polyacrylamide gels. Autoradiograph of samples irra-
diated for 15 min at 254 nm and 250 n M [of-32P]ATP is shown. A , no 
further additions; B, + 100 pM A T P ; C, + 100 pM d-ATP; D, + 
100 (M A D P ; E, + 100/iM A M P ; F, dark control. Numbers in-
dicate molecular weight Standards in kDa. 
strate that no transfer of 32Pj occurs from [a-32P]ATP to give 
a phosphoester bond as was the case for [y-32P]azido-ATP 
due to the protein kinase. 
Experiments in the presence of a 4 0 0 fold excess of nonra-
dioactive A T P or A D P showed that labeling almost com-
pletely disappeared and only proteins of 7 5 and 5 6 kDa 
showed minor incorporation. Other Substrates like d-ATP, 
AMP, adenosine, N A D P and N A D P H did not compete 
with [o>32P]ATP and labeling was as in control experiments 
(Fis-2>-
Preincubation of the membranes with A T P prior to pho-
tolysis did not alter the labeling pattern. In this case the en-
velope membranes were pelleted and washed once after a 
5 min treatment with 1 0 0 / A M A T P (not shown). Envelope 
membranes solubilized in 0 . 6 % Brij W l and 0 . 3 % N,N-di-
methyldodecylamin-N-oxid prior to U V treatment showed 
the same affinity labeling pattern except for an additional 
band at about 105 kDa (not shown). We used very low con-
centrations of A T P ( 2 5 0 nM) in our experiments showing 
that the labeled proteins had a high affinity for ATP. Increas-
ing the A T P concentration up to 1 fxM did not change the 
pattern of labeling (Fig. 2 ) . 
Recently methods have become available to separate inner 
and outer envelope membranes (Cline et al., 1 9 8 1 ; Douce et 
al., 1984) . When we compared the photoaffinity labeling 
profile of mixed envelope membranes to that of separated 
inner and outer envelope membranes it was possible to 
A B C D E F G H St D' 
Fig. 2: Autoradiograph of the effect of various A T P concentrations, 
adenosine, N A D P and N A D P H on photoaffinity labeling of en-
velope proteins. Products were analyzed by SDS-PAGE. Condi-
tions as in Fig. 1. A , B, C, 0.5, 0.75, 1.0 fxM A T P respectively; D, + 
100 ftM N A D P H ; E, + 100 fM N A D P ; F, + 100 fM adenosine; G, 
+ 100 fM A T P ; H , no further additions; St, molecular weight Stand-
ards in kDa, bovine serum albumin 68, ovalbumin 45, glycerinal-
dehyd-3-phosphate dehydrogenase 36, carbonic anhydrase 29, tryp-
sinogen 24, cytochrome c 12; D ' , Coomassie Brilliant blue stained 
Polypeptide pattern of the autoradiogram shown in lane D. 
ascribe each labeled Polypeptide to either the outer or the 
inner membrane (Fig.3, lanes F - G and Table 1). U V pho-
tolysis of [a-3 2P]ATP labels many more proteins in the outer 
membrane than in the inner envelope membrane. The major 
band visible on the autoradiogramm could be aligned with a 
Coomassie Brilliant blue stained Polypeptide of 75 kDa 
molecular weight. This protein is predominantly confined to 
the outer chloroplast envolope. The second major labeled 
protein at 56 kDa could not be aligned to a Coomassie Bril-
liant blue stainable protein, but it was clearly distinguishable 
from the large subunit of ribulose-l,5-bisphosphate 
carboxylase, which has an apparent molecular weight of 
54 kDa on SDS-PAGE (compare Fig. 3). 
A T P dependent protein phosphorylation of envelope 
membrane Polypeptides due to protein kinase activity has 
been reported recently (Soll and Buchanan, 1983; Soll, 1985). 
As shown in Fig. 3 the labeling regimes by [y3 2P]ATP (pro-
tein kinase) and [a-3 2P]ATP (photoaffinity label) showed no 
significant homology. 3 2 P is preferentially incorporated into 
proteins of 86 and 23 kDa by the membrane bound protein 
kinase. 
One of the major roles of the chloroplast envelope is its 
function in lipid biosynthesis; these reactions also require 
nucleoside triphosphates, e.g. the synthesis of CDP-diacyl-
glycerol en route to phosphatidylglycerol from phosphatidic 
acid requires CTP . We tested C T P and U T P in the direct 
photoaffinity labeling approach with separated inner and 
outer envelope membranes (Fig. 4). The labeling profile is 
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A B C D E F G 
Fig. 3: Separation and labeling of inner and outer chloroplast en-
velope. A , autoradiograph of [7- 3 2P]ATP labeling of mixed en-
velope membranes. B, C, D, Coomassie Brilliant blue stain of mixed 
envelope membranes, outer envelope and inner envelope, respec-
tively. E, F, G, autoradiograph of [a- 3 2P]ATP photoaffinity labeling 
of mixed, outer and inner envelope membranes, respectively. 
Table 1: Localization of photoaffinity labeled Polypeptides of pea 
chloroplast envelope membranes by various [of32P] nucleoside tri-
phosphates and [7~32P] ATP. Data comprises results from Fig. 1-4; 
numbers indicate approximate molecular weight in kDa, as deter-
mined by one dimensional S D S - P A G E . Numbers in () indicate lab-
eled Polypeptides, whose presence is probably due to cross-contami-
nations. 
mixed outer inner 
envelope envelope envelope 
[ 7 - 3 2 P]ATP 86,64,52,38,34.5, 
23 
[a 3 2 P] A T P 75, 64, 58, 56, 52, 42, 75, 64, 56, (75), 58, 30, 
37,35,30,21 52,42 26 
[of32P] CTP - 48 90, (48) 
[af32P] U T P - (70), (50), 86,70, 50,40, 
(23) 33, 31, 23 
distinct from each other and from ATP. In the inner en-
velope UV254 photolysis of U T P labeled three protein bands 
at an apparent molecular weight of 23, 31 and 50 kDa. Less 
prominent are bands at 33, 40, 70, 86 kDa. CTP also labels 
6 3 4 JÜRGEN SOLL and IRENE FISCHER 
A B B' C' C D 
Fig. 4: Inner and outer chloroplast envelope membranes were pho-
toaffinity labeled by [>-32P]CTP and |>-3 2P]UTP. Outer mem-
branes labeled by U T P (A) or CTP (B), Inner envelope labeled by 
UTP (C) or CTP (D). B', C , Coomassie Brilliant blue stain of outer 
envelope and inner envelope respectively. B', O correspond to the 
autoradiograph shown in B and C. 
proteins at 2 3 and 3 1 kDa like U T P but to a much lesser ex-
tent. Specifically marked are only two proteins in the inner 
membrane by CTP, namely at 9 0 and 48 kDa. The outer en-
velope does not show a specific labeling profile using [a-
3 2P]UTP, since most of it is probably due to contamination 
of the outer membrane by the inner envelope. This cross-
contamination is generally between 5 - 1 0 % and thus can ac-
count for the labeling intensity seen (Fig. 4) . In contrast, 
CTP almost exclusively labeled a protein at 4 8 kDa, thus 
showing that the C T P label in the inner membrane at 
48 kDa is also most likely due to cross-contamination of the 
inner membrane by outer envelope (Table 1). C T P and U T P 
label two proteins of very similar molecular weight at 5 0 and 
48 kDa, but they can clearly be distinguished by their size on 
SDS-Page and more important by their confinement to one 
of the two membrane (Fig. 4 ; Table 1). Both labeled proteins 
are clearly different from the large subunit of ribulose-1,5-
bisphosphate carboxylase oxygenase (compare Fig. 4) . 
Galactolipids are the major structural lipids of all chloro-
plast membranes. UDP-galactose and diacylglycerol give rise 
to monogalactosyldiacylglycerol which can subsequently be 
further galactosylated by UDP-galactose to yield digalacto-
syldiacylglycerol. They are solely synthesized at the en-
velope (Douce et al., 1984) and have to be transported to the 
thylakoids. The purification of enzymes active in galacto-
lipid synthesis is not yet achieved. The versatility of direct 
photoaffinity labeling and its specificity was again demon-
A B 
Fig. 5: [U- 1 4 C]UDP galactose (0.5 fiM) was used as photoaffinity 
marker for pea chloroplast envelopes (A) and for spinach chloro-
plast envelopes (B). Fig. 4 shows a fluorogram of a 7.5-15% SDS-
P A G E which was exposed for 3 weeks (Bonner and Laskey, 1974). 
strated by using [U-14C]UDP-galactose as a probe. UDP-ga-
lactose is used only in a very limited number of enzymatic 
reactions in the envelope membrane. Hence it gave rise to a 
limited and distinct set of labeled membrane proteins at 3 1 , 
3 3 , 3 5 , 3 8 and 5 0 kDa in envelope membranes from pea and 
spinach chloroplasts (Fig. 5) . This labeling pattern is very dif-
ferent from those described for the nucleoside triphosphates 
ATP, CTP and U T P except that the 3 1 and 5 0 kDa proteins 
being labeled by U T P and UDP-galactose might be identical. 
Conclusions 
We have shown that direct photoaffinity labeling using 
nucleoside triphosphates as probes gave rise to specific and 
unique labeling of a very limited number of envelope Poly-
peptides. Direct photoaffinity labeling gave reliable and 
specific data in this complex assay system containing mul-
tiple components, lipids, pigments and Polypeptides. It is of 
much greater use in this complex membrane system than 
photoaffinity labeling Substrates containing bulky or highly 
reactive photolysable groups like azido residues. Each nucle-
osidetriphosphate gave rise to distinct labeled proteins in the 
inner and outer membrane. In our attempts to assign bio-
chemical function to certain proteins and to purify function-
ally active enzymes from the envelope membranes, the 
above results can be taken as a starting point at which pro-
teins to look at under given circumstances. Nucleotides have 
a multifunctional role in cellular metabolism. They serve not 
only as co-substrates in an enzymatic reaction but also have a 
regulatory function, in which in most cases they do not bind 
to the active site but to a regulatory site. Our experiments 
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were not designed to resolve this question or to check for 
changes in certain enzyme activities; this has to await puri-
fication of the proteins in question. Photoaffinity labeling of 
an envelope protein has been used to identify an inner en-
velope bound NTP'ase after partial purification (McCarty 
and Selman, 1986). This NTP'ase has an apparent molecular 
weight of 37 kDa. A protein of similar molecular weight is 
labeled in our i n situ experiments (Fig. 1). 
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